Experimental
Introduction
The recognition of phosphates represents an interesting and emerging field of research due to the crucial roles of phosphates in biological and industrial processes. [1] [2] [3] As one important member of phosphates, diphosphate (pyrophosphate, PPi) is vital for organisms and, for that reason, its detection is of special importance.
PPi is not only the product of adenosine triphosphate (ATP) hydrolysis under cellular conditions, but is also involved in energy transduction in organism-controlling metabolic processes, e.g. DNA replication, etc. 4, 5 Furthermore, PPi has been considered to be important in cancer research, real-time sequencing of DNA as well as the production of guanosine 3′-diphosphate-5′-diphosphate (ppGpp), which is a key regulatory process governing gene expression. 6, 7 Among various methodologies adopted for anions in aqueous environments, metal ion-anion coordination has been recognized as one of the most popular for ions with high hydration energy, such as various phosphates. 8 In this regard, metal complexes with vacant coordination sites, such as the Zn or Cd complex, become significant due to the higher affinity of metal ions toward the phosphate moiety. 8, 9 The most frequently used and best-studied systems for metal-based phosphate recognition includes Zn 2+ cyclens developed by Kimura et al. and Zn
2+
-dipiconylamine (DPA) systems invented by Hamachi. [10] [11] [12] Besides, bipyridine (bpy) and terpyridine (tpy) based zinc complexes have also been reported. 13, 14 In most cases, enhanced fluorescence with phosphate ions is attributed to the suppression of PET (photo-induced electron-transfer), which represents a commonly observed mechanism for fluorescence enhancement. 15, 16 Besides, the intramolecular charge transfer (ICT) process is another mechanism proposed for the fluorescence recognition of phosphates, inducing a change of fluorescence intensity and a shift of the emission wavelength. 17 Based on the ratio of the fluorescence intensities at two different wavelengths, a ratiometric fluorescence recognition method could be established, and so the selectivity and sensitivity of detection can be increased. 17 However, up to now, there have only a few reports concerning an effective ratiometric fluorescent recognition for phosphates.
Due to the synthetic accessibility and the excellent ability to bind with metal ions, tpy derivatives have been used for the detection of metal ions or anions in solution. 18, 19 Herein, the cadmium complex of the tpy derivative, 4′-(aminomethylphenyl)-2,2′:6′,2″-terpyridine (aptpy), has been employed for the highly selective recognition of PPi based on the ratiometric fluorescence measurement. When added with cadmium, the emission of aptpy at 358 nm was greatly enhanced and red shifted to 397 nm due to the complexation-induced ICT process, and then blue shifted to 349 nm with a further addition of PPi. Based on the distinct response of dual fluorescence emissions at 349 nm and 397 nm, a ratiometric fluorescence method has been successfully established for the fluorescence recognition of PPi. Fluorescence examinations showed that other anions, including phosphates, such as ATP, GTP, UTP and CTP, could not cause special ratiometric fluorescence changes similar to PPi, demonstrating highly selective recognition for PPi based on the cadmium complex of aptpy.
were purchased from Sigma-Aldrich (St. Louis, MO). 2-Acetylpyridine, 4-methylbenzaldehyde, N-bromsuccinimide (NBS) and α,α′-zoisobutyroniltrile (AIBN) were purchased from Aladdin. Stock solutions of GTP, ATP, CTP, UTP and PPi were prepared by dissolving them respectively in water and diluting to a final concentration of 0.3 mM. Zinc sulfate (ZnSO4·7H2O) solution of 0.3 mM was obtained by dissolving a definite commercial product into 100 mL of distilled water, and a 50 mM pH 9.0 Tris-HCl buffer solution was used to adjust the acidity of the solutions. All nucleotide solutions were stored in a refrigerator at 4 C and used within one month. Ethanol solvent has been used for dissolving the tpy derivatives. Meanwhile, other reagents were of analytical grade and used without further purification. Milli-Q purified water (18.2 ΩM) was used throughout.
Apparatus
The 1 H NMR spectrum in CDCl3 was measured with AVANCE AV-300 (BRUKER, Swiss). Element analysis of organics was made with a varioMACRO element analyzer. Absorption and fluorescence measurements were made with a U-3010 spectropohotometer and an F-4600 spectrofluorometer (Hitachi Ltd., Tokyo, Japan), respectively, by keeping the excitation wavelength at 280 nm. The pH values of the test solution were measured with a glass electrode connected to a pH510 pH meter (made in Singapore). A QL-901 vortex mixer (Haimen, China) was employed to blend the solutions in 1.5-mL tubes. All experiments were carried out at room temperature.
Synthesis of aptpy
4′-(Aminomethylphenyl)-2,2′:6′,2″-terpyridine (aptpy) and 4′-(methylphenyl)-2,2′:6′,2″-terpyridine (mptpy) was synthesized according to reference 20 
General procedure
A 100-μL volume of Tris-HCl buffer solution and an appropriate volume of the tpy derivatives working solution were mixed together at first in a 1.5-mL plastic tube. Afterwards, a certain volume of the solutions of metal ions and various anions was added into the mixture, and the final volume was 1 mL. After mixing thoroughly, the solution was transferred for measurements immediately. All fluorescence spectra were measured upon excitation at 280.0 nm by keeping both the excitation and emission slit widths at 5.0 nm, the PMT voltage at 400 V and the scan speed of 3000 nm/min at room temperature.
Results and Discussion
Spectral characteristic of aptpy with cadmium ions Figure 1 shows that aptpy has one broad absorption peak at 282 nm, owning to the π-π* transition. 21 With the addition of cadmium ions, this characteristic absorption gradually increased, and finally reached the maximum intensity when the molar ratio of the metal/ligand reached 1. Meanwhile, possibly owing to the ligand-centered (LC) π-π* transition between aptpy and cadmium, 22 two absorption bands newly appeared at 320 nm and 336 nm. Due to the existence of a fully-filled d-orbital (d 10 ) in Cd(II), there was no absorption at all at wavelengths higher than 350 nm. 23 When the metal/ligand ratios were above 1, there was no more change for the absorption spectra of aptpy.
Fluorescence measurements showed the fluorescence emission band of aptpy located at 358 nm when excited at 280 nm ( Fig. 2A) . The presence of Cd(II) induced a red-shift of this fluorescence emission from 358 to 397 nm with an obvious enhancement, whereas the emission intensity of the fluorescence band at 358 nm decreased. This red-shift of the fluorescence wavelength could be ascribed to the complexation-induced ICT process from the aminomethylphenyl moiety to terpyridine, which was induced by the binding interaction between aptpy and Cd(II). 13 Terpyridines are well-known to have good affinity for metal ions. 9, 23 The coordination of the tpy moiety with Cd(II) was also the reason for the fluorescence enhancement of aptpy at 397 nm. 19 The maximum intensity of fluorescence at 397 nm was obtained at a metal/ligand ratio of 1 (Fig. 2B) . It is well known that two predominant types of tpy complexes can be found with metal, the metal/ligand ratios of which are 1:2 and 1:1, depending on the stoichiometry. 23 Based on these above mentioned results, the 1:1 cadmium complex of aptpy has been formed. To further verify the formation of a metal complex between aptpy and cadmium, we also detected the fluorescence spectra of aptpy when keeping the total concentration of aptpy and Cd(II) unchangeable, but only changed the concentration of both aptpy and Cd(II) simultaneously. The result also shows that the 1:1 cadmium complex of aptpy had been formed (Fig. S3, Supporting Information) .
Recognition of PPi with the cadmium complex of aptpy
At pH 9.0, the fluorescence band maximum of aptpy-Cd(II) at 397 nm weakened with the addition of PPi, and at the same time two new fluorescence bands with the maximum at 363 nm and 349 nm developed (Fig. 3A) . The blue-shifts of the wavelength make the ratiometric measurements possible. As shown in Fig. 3B , the ratio of short-wavelength emission at 349 nm to long-wavelength at 397 nm (F349/F397) increases with increasing PPi concentration, which could be expressed as F349/F397 = -0.28 + 0.033c (μM, n = 7) with a correlation coefficient of 0.9955 in the range of 20 -50 μM. The ratio of the fluorescence intensities at two appropriate emission wavelengths made the measurement of the concentration more reliable. 17 A 1:1 binding stoichiometry for PPi was evaluated from the titration profile (Fig. S4, Supporting Information) .
Several binding models have been proposed for the selectivity of metal complexes for phosphates, mostly on the basis of binding or coordination of phosphates to the coordinated metal ions. 13, 14, 17 To gain an insight into the mechanism of this fluorescence recognition for PPi, the fluorescence spectrum of aptpy-Cd(II) with PPi was compared with that of aptpy and aptpy-Cd(II) (Fig. S5, Supporting Information) . The result shows that the fluorescence emission of aptpy-Cd(II) with PPi is different from that of others, demonstrating the potential of PPi to binding with aptpy-Cd(II) to saturate the coordination number of the cadmium ion (Inset of Fig. 3B ). This coordination effect between aptpy-Cd(II) and PPi could be ascribed to the strong binding effect existing between the hydroxyl oxygen of PPi and metal ions. 13 As a result, the charge-transfer process of aptpy induced by Cd(II) weakened with the addition of PPi, and so the emission of aptpy-Cd(II) at 397 nm decreased and blue-shifted for about 48 nm.
Effect of the pH on the fluorescence recognition for PPi
Considering that the pH value is of great importance for the detection procedure, the fluorescence spectra of the cadmium complex coordinated with PPi have been examined in the pH range of 6.5 -9.5. The result showed that the fluorescence ratios of aptpy-Cd(II) at 397 and 349 nm (F349/F397) were enhanced a little in the presence of PPi, which finally remained stable in the pH range of 8.5 -9.5 (Fig. 4) . Accordingly, the alkaline condition was beneficial for the ratiometric fluorescence recognition of PPi. In contrast, the acidic solution resulted in the protonation of pyridine moieties and, consequently, decreased the fluorescence ratios by virtue of an internal charge transfer (ICT) from the weak electron-donating groups to the electron-accepting pyridinium moiety. 14 
Selectivity for the ratiometric fluorescence recognition of PPi
To evaluate the selectivity of this ratiometric fluorescence recognition for PPi based on aptpy-Cd(II), competition experiments were conducted under the same condition in the presence of other anions. Fluorescence measurements proved that the fluorescence ratios at 397 and 349 nm (F349/F397) of other phosphates, including ATP, CTP, UTP and GTP, were different from that of PPi (Fig. 5A) . It has been reported that metal complexes with vacant coordination sites have a higher affinity towards phosphates. Furthermore, compared with other phosphates, PPi has a stronger electrostatic interaction with the cationic Cd(II) center, which could be attributed to the higher affinity of PPi towards the receptor aptpy-Cd(II). As a result, the aptpy-Cd(II) displayed a unique fluorescence response to PPi, and could thus successfully discriminate PPi from other anions, such as ATP. Meanwhile, inorganic anions have also been examined, and results show the distinct fluorescence change of PPi from others (Fig. 5B) . Accordingly, the unique fluorescence response of aptpy-Cd(II) to PPi has been demonstrated, showing the high specificity of this ratiometric recognition for PPi.
Conclusions
In conclusion, we have developed a ratiometric fluorescence measurement for PPi based on the cadmium complex of aptpy. By employing the metal-organic complex as a binding site, this recognition displayed high specificity toward PPi, and so could effectively avoid the interference of polar solvent molecules and other coexisting anions. Besides, more reliable results could be provided by fluorescence ratiometry, which normalizes the variation in the factors for measurement. Furthermore, due to the synthetic accessibility as well as the good affinity for metal ions, the tpy derivative displays a large potential to be used as a fluorescence sensor for phosphates.
